I. INTRODUCTION
Diatomic transition metal hydrides are of interest to a wide range of scientists.'-I5 They serve as simple models for the study of metal-hydrogen bonding in inorganic chemistry and in surface science. The interaction of transition metals with hydrogen has important practical applications in heterogeneous catalysis where, e.g., hydrocarbons are hydrogenated or reformed. Since hydrogen is the most abundant element in the universe, metal hydrides are found in the sun and in cool stars. '6*17 The properties of most heavy diatomic transition metal hydrides have been predicted by ab initio quantum chemistry, most notably by Balasubramanian and co-workers.6*'am14 The experimental database is more meager. For example, for the possible Sd transition metal hydrides, experimental data are available for only LaH, 18 PtH, '9s20 AuH, ~* and, tentatively, WJlz The large number of unpaired electrons in transition metal atoms results in a large number of low-lying electronic states with large orbital and spin angular momenta in metal hydride molecules. Relativistic effects, such as spin-orbit coupling, are very important for the heavy 5d metals. The numerous electronic states interact with each other and cause perturbations. This leads to experimental difficulty in the analysis of the spectra and in the ab initio prediction of molecular properties. Indeed, one of the main motivations in the study of transition metal hydrides is the confrontation between ab initio results and experimental reality.
We report here on the discovery of a new metal hydride molecule HfH. H.fH and HfD were formed in a hollow cathode discharge lamp and the visible emission spectra were recorded with a Fourier transform spectrometer. Our analysis of the data was aided by the ab initio calculation of Balasubramanian and Das.6
II. EXPERIMENT
The spectra of HfH and HfD molecules were observed in a hafnium hollow cathode lamp. The cathode was prepared by inserting a 1 mm thick cylindrical foil of hafnium metal into a hole in a copper block. The foil was tightly pressed against the inner wall of the cathode to provide a close and uniform contact between the metal and the copper. The lamp was operated at 450 V and 387 mA current with a mixture of 1.7 Torr Ne and about 100 mTorr of H, or D, .
The spectra were recorded using the 1 m Fourier transform spectrometer associated with the McMath Solar Telescope of the National Solar Observatory. The spectra in the 4800-21000 cm-' region were recorded in two experiments. The 4800-9800 cm-' spectral region was recorded using InSb detectors and silicon filters with ten scans coadded in 70 min of integration. For the 9000-21000 cm-' spectral region, the spectrometer was operated with colored glass filters which transmit to the red of 495 nm and Si-diode detectors. This time a total of six scans were coadded in approximately 1 h of integration. In both cases, the spectrometer resolution was set at 0.02 cm-'. The observed interferograms were transformed to provide the spectra of HfH and HfD.
In addition to the HfH and HfD bands, the final spectra also contained Hf and Ne atomic lines. The spectra were calibrated using the measurements of Ne atomic lines made by Palmer and Engleman." The absolute accuracy of the wave number scale is expected to be better than kO.002 cm -I. The HfH/HfD lines have a typical width of about 0.070 cm-' and appear with a maximum signal-to-noise ratio of about ten. This limits the precision of measurements to +0.003 cm-' for strong and unblended lines.
Ill. OBSERVATION AND ANALYSIS
The spectral line positions were extracted from the observed spectra using a data reduction program called PC-DECOMP developed by Brault of the National Solar Observatory at Kitt Peak. The peak positions were determined by fitting a Voigt line shape function to each spectral feature.
The assignment of the observed transitions of HfI-I and HfD was greatly facilitated by the recent theoretical calculation of the properties of HfH by Balasubramanian and Das.6 4.5 5.5 6.5 7.5 --8. These authors have applied the complete active space multiconfiguration self-consistent field (CAS-MCSCF) and second-order configuration interaction (SOCI) methods to predict the symmetry as we11 as the spectroscopic constants of several electronic states of HfH. They predict the ground state of this molecule to be a JY=3/2 state with 82% 2A,,2 and 18% 21113,2 character. They also predict that several strong electronic transitions of HfH involving the ground "A state should lie in the visible region of the spectrum.
In the present work, we have discovered two electronic transitions of HfH at 14 495 and 19 147 cm-' and one transition of HfD at 19 134 cm-'. The analysis of these bands indicates that the ground state of HfH and HfD is indeed an O/=3/2 state which we denote as the X 2A3,2 ground state. We assign these transitions of HfH as [14.513/2-X 2A3,2 and [19.113/2-X 2A3,2 transitions. For convenience, we have chosen to label the observed excited electronic states using the notation suggested by Linton and co-workersz4 and Friedman-Hill and Field.= The number in brackets represents the energy of the fi state (with u = 0) measured in units of 1000 cm-'. This avoids the confusion caused by naming states with conventional labels before the low-lying states have been discovered.
A. Observed spectrum of HfH
The spectrum of HfH consist of two transitions with the O-O bands located at 14 495 and 19 147 cm-', respectively. Each of these bands consists of simple P and R branches with each line split into two components as J increases. This splitting increases as J3 as expected for a fi=3/2-3/2 tfansition. The analysis of these bands indicates that-both of these transitions have a common lower state.
A part of the spectrum of the O-O band of. the [14.513/2-X 2A3,2 transition at 14 495 cm-l, showing well-resolved 0, doubling, is presented in Fig. 1 . Several perturbations were observed in the excited state of this transition. A small local perturbation can be seen in the e-parity component of the excited stat6 at J-11.5 (Table I ). The perturbation in the f-parity component is more severe. All lines with J' greater than 12.5 are perturbed. After the perturbation the lines become randomly displaced and weaker in intensity, and it becomes very difficult to assign the perturbed transitions. The transitIons affected by perturbations were not included in the determination of the molecular constants.
Near to the O-O band, there is a weaker band with an origin at 14 335.4 cm-' which has been assigned as the l-l band. This band is also affected by several perturbations. In this band, all of the lines of both a-doubling components are severely perturbed for J' greater than 9.5. Therefore transitions with J' values greater than 9.5 could not be identified with certainty.
The transition at 19 147 cm-' has been assigned as the 0-O,band of the [19.113/2-X 2A312 transition. A part of the spectrum of this band is provided in Fig. 2 . The spacing between the consecutjve lines of e-parity component varies in an erratic manner. Similarly, all of the higher J transitions of f parity are shifted from their respective positions for J' > 12.5. For J' greater than 18.5, it becomes impossible to identify the rotational lines. All of the perturbed transitions were excluded from the final fit, but ground state combination differences obtained from the perturbed transitions were included.
Hafni& has ' SIX-naturally occurring isotopes 174Hf(0.2%), 17(jHf(5.2%), *77Hf( 18.5%), 178Hf(27. l%), '7gHf(13.8%), and '*'Hf(35.2%). At higher J, the splitting into two components due to the most abundant 178HfH and 'sOHfH isotopomers becomes visible. Since in most parts of the spectrum the isotopic splitting is not resolved, we did not try to measure the line positions of ponents are perturbed and were excluded from the final fit. The ground state combination differences up to A.#"( 18.5) for the perturbed transitions-were included in -the final fit. The observed wave numbers for the [19.113/2-X 2A,,, transition of HfD are provided in Table III .
The observed wave numbers of the different bands were initially fitted separately as Hund's case (c) states using the expression
In the final fit, the transitions of HfH having a common ground state were combined together in order to obtain-a single set of constants for u = 0 of the X 'AsT, state.
IV. RESULTS AND DISCUSSION
The molecular constants obtained for HfH and HfD are provide% in Tables IV 'and V, respectively. The rotational constants of Table IV provide the following equilibrium constants: B,=5.019 ll(8) cm-' and (u,=O.120 25(11) cm-' for the ground state of HfH. Using the usual isotopic reIationships26 BL = p2B, and LYE = p3 a, , the B, and CY, values for HfD were predicted to be 2.525 61 and 0.042 92 cm-', respectively. This provides a predicted Bc value for HfD of 2.504 15 cm-", in agreement with our experimental value of 2.5 17 749(72) cm-'. HfD does not have a determinable &doubling constant in the ground state and this parameter is very small bD== -6.05(15)X lo- ' cm-'] for HfH. This is consistent with our assignment of the ground state of The rotational constants obtained from the fit were @%d to evaluate the equilibriuni bond lengths in the grotind X '11 and the excited [14.5]3/2 states of HfH (Table VI) . The observed ground state bond length of 1.830 691( 15) A agrees well with the theoretical value of 1.854 A obtained by Balasubramanian and Das."
The X 2A state of HfH arises from the l&o"1 S' electronic configuration.6 It is interesting to note that this regular state is the early transition metal analog of the inverted X 'A state of the late transition metal hydride PtH.20 In the absence of Au # 0 bands associated with any of the observed transitions, we are unable to determine the vibrational constants for the electronic states. The [14.513/2-X "A,,, transition of HfD was not observed because it is weaker than the green bands, and the HfD transitions were not as strong as those of HfH. V. CONCLUSION Two electronic transitions for HfH and one for HfD have been observed in the visible region by Fourier transform spectroscopy. The ground state has been identified as a "A state consistent with the theoretical predictions of Balasubramanian and Das.6 The excited states, with larger fi doubling, most probably originate from 'II states with a'==3/2. The excited states are involved in several perturbations with unidentified close-lying electronic states. The present observation is the first detection of the HfH and the HfD molecules in the gas phase.
